total porosity and water-filled porosity at a matric potential of 33 kPa, has been shown to be a good predictor for saturated hydraulic methods is that they allow researchers to obtain an conductivity (K s ) using a modified Kozeny-Carman equation. This estimate of the variability of saturated conductivities equation is of the form of a coefficient (B ) multiplied by effective based on the variability of an easily measured predictor porosity raised to a power (n ). The purpose of this study was to variable .
improve the predictive capability of the modified Kozeny-Carman
A number of relationships have been developed that equation by including information from moisture release curves (soil can be used to calculate K s with easily measured soil water content vs. matric potential relation). We fitted the Brooksproperties. Some are purely empirical and are often
Corey (B-C) equation parameters (pore size distribution index and
related to soil texture (Rawls et al., 1992; Puckett et al., air entry potential) to moisture release data from a large database 1985) . Other relationships use physically based equa-(Ͼ500 samples). Values of K s were also available from the same tions. Ahuja et al. (1984 Ahuja et al. ( , 1989 showed that a modified Region of the USA, Hawaii, and Arizona. Here e is Overall the use of Brooks-Corey parameters from moisture retention the effective porosity calculated as saturated water condata improved estimates of K s over using effective porosity ( e ) alone.
tent ( s ) minus the water content at 33 kPa matric poten-
There is still considerable error in predicting individual K s values, tial, and B 1 and n are coefficients.
however. The best forms of the equation was when was included in
Even though the coefficients of Eq. [1] fitted to the the term for the coefficient for the modified Kozeny-Carman equation.
data varied with soil type within a certain range, Eq.
The next best form was when was included in the exponent for e
[1] fitted to K s data for all nine different soils had an
The two best models appeared to better preserve the mean, standard deviation and range of the original data. r 2 as good as for individual soils . In other words, Eq. [1] exhibited a degree of universality. In fact, the coefficients, B 1 and n obtained from the above fit of Eq. [1] to data for nine soils estimated K s S aturated soil hydraulic conductivity (K s ) is an for several soils from Korea ) and a important soil parameter in models that simulate variety of soils from Indiana (Franzmeier, 1991) with infiltration and runoff processes. This soil parameter is acceptable accuracy. Messing (1989) sure K s and hanging water column and pressure plate procedures to measure water retention curves. The differences in
Here l is a parameter related to the fractal dimension, water retention at saturation and at Ϫ33 kPa matric potential is total porosity, x is an exponent, and R (cm) is the were used to obtain the effective porosity, e . For some soils, largest continuous pore radius for the Seirpinsky carpet.
where water retention at saturation was not initially measured, R is calculated from the capillary rise equation s was calculated using measured soil bulk density and particle density data. The value of s was calculated as 0.90 times total porosity. There were 571 sets of moisture retention data with
associated values of K s . The pressures for the moisture release curves ranged from 0.2 to 1500 kPa. Only curves with at least
In this equation h b is the absolute value of the air-entry five retention values were used. The data set was also averaged potential (cm). The value l is estimated from the fractal by texture class as was the data of Rawls et al. (1993) . The dimension D texture classes and the number of samples in each class are given in Table 2 .
l ϭ 1.86D
5.34
[5]
The second data set is fully described in Rawls et al. (1982) Here D is the fractal dimension of soil porosity and is and is denoted for convenience as the Rawls data (RA). These data came from 1323 soils with about 5350 horizons and were estimated as D ϭ 2 Ϫ , and is the Brooks-Corey compiled from data of nearly 400 soil scientists. We believe pore-size distribution index. Rawls et al. (1993) used a that the RA data set is independent of the SR data set, alvalue of 4/3 for the exponent, x.
though there may be a small amount of overlap. These data
The modified Kozeny-Carman equation (Ahuja et al., are reported as textural class means in Rawls et al. (1982) and 1984; Rawls et al., 1998) and the modified Marshall Rawls et al. (1993) .
equation (Rawls et al., 1993) The data set used by Ahuja et al. (1984 Ahuja et al. ( , 1989 
is denoted
Texture n here for convenience as the Southern Region (SR) data. These
Sand 111 data were fully described in Ahuja et al. (1989) . The names
Loamy sand 42
and taxonomic classifications of these soils are given in Table   Sandy , and pressure head, h ), bulk density, soil texture, and satu-
Sandy clay loam 60
rated hydraulic conductivity measured on replicated (4-10), 
In this study, we consider two approaches to determining B(, 
Here A is an empirical coefficient and f() is a function to be 
Statistical Calculations
r . This process continued until the value of r that gave the Regressions were carried out using SAS software (SAS smallest sum of squared differences (measured Ϫ observed) Institute, 1995) . Except where noted and for model compariwith corresponding values of and h b was found. Only hsons, regressions were carried out on log (base 10)-transpairs where the absolute value of h was greater than 0.02 kPa formed input data. Comparisons of the models were acwere used. The root mean square error (RMSE) from the complished by comparing residuals from a regression of the nonlinear optimization was Ͻ0.005 cm 3 cm Ϫ3 for 90% of the samples.
predicted K s on measured K s values from the SA data set. Transformed and untransformed values of K s were used in these regressions. Comparisons of regression slopes were carried out by using a method given by Snedecor and Cochran (1980, p. 387) . B (Eq.
RESULTS AND DISCUSSION The Coefficient B as a Function of Alone
[11]) on and h b is shown in Fig. 3a and 3b for Here C 1 ϭ 6.94 ϫ 10 Ϫ7 m s Ϫ1 , C 2 ϭ 1.89, and the r 2 ϭ 0.47. the RA and the SR data sets. We chose a value of 2.5 Equation [12] suggests that the form of f() given in for the exponent n of e on the basis of previous work Eq. [9] is f()ϭ10
C2
. Using all the data in the SR data by Ahuja et al. (1989) . The exact value for an exponent is not critical, we only need a reasonable, fixed value. set we fitted the following expression using regression
The relationships for B vs. and B vs. h b are similar on log-transformed values of e and K s for both data sets, although there is more scatter in the K s ϭ C 3 10 C4 n e
[13] SR data. In both cases, the relationship is approximately linear for and highly nonlinear for h b . Here C 3 ϭ 2.59 ϫ 10 Ϫ4 m s Ϫ1 , C 4 ϭ 0.60, and n ϭ 2.54, Figures 3a and 3b suggest that the air entry potential RMSE of the log(K s ) ϭ 0.57, and r 2 ϭ 0.73. All the coefficients were significant (P Ͻ 0.001). Figure 2 
The Coefficient B as a Function of and h b
Earlier work (Ahuja et al., 1984 established that the slope n in Eq. [1] could be assigned a constant value for different soils but suggested that the intercept, is a better predictor of high values. This is consistent with the results shown in the previous section of this Corey parameters and e values from the SR data set paper. The air entry potential provides a measure of are plotted against measured K s values in Fig. 5 . The the largest continuous pore that becomes increasingly relationship fits the data well with an r 2 ϭ 0.75 for the important as texture becomes less coarse. The pore size log-transformed data that is similar to the r 2 for the distribution index () is a measure of the slope of the original and modified Ahuja's relationships (Tables 3  moisture release curve and as such is an indirect measure and 4), although the RMSE is slightly higher than for of the tortuosity of soil. Larger values of are associated the original method. The parameters for this relationwith coarse-textured soils that have lower tortuosity and ship were fit from the RA data and are completely higher permeability and drainability.
independent of the SR data. The results could be imWith reference to the Rawls et al. (1993) modified proved using parameters fit to the SR data set. However, Marshall equation (Eq. [3]) we used a combination of the differences will not be large since the slopes of the and h b as predictors for B in the form of f(R/l) (Eq. relationships for the two data sets shown in Fig. 4 [15] to the SR data set tively. We found that (R/l) 0.5 gave the best results with where the coefficients were derived from the RA data textural class mean data. Figure 4 shows the relationship set does demonstrate the generality of this relationship. between (R/l) 0.5 and the coefficient B from Eq.
[11] for It is also encouraging to note that the error is not that the RA and mean SR data sets. We fit a linear function much larger than the error in estimates from the other for B(h b ,) that had an intercept of zero (Fig. 4) . The models fit to the SR data set. slopes for the two relationships were not significantly Rawls et al. (1998) Fig. 6 ). Only the interSubstituting Eq. [14] into Eq. [1] and using n ϭ 2.5 we cept in Eq.
[2] has been fit to the SR data. have: Tables 3 and 4 show statistics for a comparison of the four models. The four models were fit with different In spite of these improvements, there is still considerable prediction error in K s . Soil retention data do not contain enough information on the continuity of pores and soil structure, two important determinants of saturated conductivity. Further research into the use of methods that can characterize these factors may improve our predictive capabilities.
There is also the question of the use of these methods to estimate saturated conductivities for use at the field scale. Ahuja et al. (1993) have shown that a harmonic mean K s of layered soil can be estimated from a 2-d drainage of surface soil. This may extend the usefulness of the methods developed in our study. Ahuja has observed (Ahuja, 1993, unpublished data) that final infiltration rates taken in 25-cm-diameter infiltration rings are related to average effective porosity, e , of the 
SUMMARY AND CONCLUSIONS
and slopes for the measured vs. predicted regressions
The modified Kozeny-Carman equation was used to are also given in Table 4 . The closer the intercept is to calculate saturated conductivity (K s ) from effective pozero, the less bias there is, and the closer the slope is rosity ( e ). We were able to obtain better predictions to one, the better the predictions throughout the range of K s when the pore size distribution index () from the of data. which the B vs. f(, h b ) relationship was fit had an r 2 of The probability plots in Fig. 7 indicate how well each 0.75 and RMSE ϭ 0.59 for log(K s ). model describes the original distribution of data. The Overall, the use of Brooks-Corey parameters from distribution of the predicted values of the four models moisture retention data improved estimates of K s , comare not greatly different in the mid ranges of the data. pared with using effective porosity ( e ) alone. However, Equations [2] and [13] both come closest to the distribuin spite of the improvement, there is still substantial tion at high values of K s . The distribution of K s predicted prediction error. There was not a large difference in using a calculated value of B (Eq. [15] ) is quite close prediction error among the four models. The best form to the SR data distribution for lower values of K s . This of the equation was when the Brooks-Corey pore-distriis encouraging considering this equation was parameterbution factor, , was included in the term for the coeffiized with an independent data set. Of the four models, cient of the modified Kozeny-Carman equation. The the distribution of K s predicted by Eq.
[13] appears next best form was when was included in the exponent closest to the distribution of measured K s values. Howfor e . The use of the air entry potential (h b ) did not ever, these differences are not large but are important measurably improve the estimates of K s . The RMSEs to consider when an estimation is used to generate a for the two best models were not greatly different. 
